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Abstract
Determinations of volumetric mass transfer coefficient were conducted in a three-phase internal-loop airlift reactor with an enlarged
degassing zone. The effect of parameters such as the airflow rate (riser superficial gas velocities between 0.01 and 0.5 m/s), solids loading
(up to 30%, v/v), solids density (1023 and 1048 kg/m3) and the liquid-phase properties on kLa was studied. It was observed that the increase
of the airflow rate and the introduction of ethanol enhanced the volumetric mass transfer coefficient in the system. On the contrary, the
progressive introduction of solids and a small increase on solids density were responsible for the diminishing of the mass transfer rate.
Correlations for the volumetric mass transfer coefficient with the riser superficial gas velocity and solids loading were determined for
the two solids density and the two liquid-phases. A good agreement between experimental data and the calculated values was obtained.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The primary purpose of a bioreactor is to provide such
environmental conditions to the microorganism that it will
carry out the required reaction or transformation optimally
[1]. In aerobic bioreactors, the critical limiting factor in
providing the optimal environment is the oxygen mass
transfer, as a consequence of the low solubility of oxygen
in fermentation media. Hence, the volumetric mass transfer
coefficient (kLa), which is normally used to characterize
the mass transfer performance, plays an important role in
the performance of bioreactors [1–3]. Ideally, a reactor
should have a maximum mass transfer rate, at an efficient
mixing and at a minimum energy input [2]. Several studies
have demonstrated the airlift reactors ability to provide this
[1,2,4]. However, the data presented in the literature for
mass transfer in airlift reactors vary widely and is some-
times contradictory due, probably, to the wide range of
reactors studied and differences in experimental techniques
used [2,3]. Most experimental measurements [5,6] have
shown that the rate of mass transfer in an airlift reactor is
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influenced by various design (i.e., bioreactor type and ge-
ometry), system (i.e., fluid properties) and operation (i.e.,
liquid and gas velocity and gas holdup) variables.
Fluid coalescence properties can vary between two ex-
treme cases: coalescing and non-coalescing. Fermentation
liquids will always be between the two extremes. However,
due to their complex composition, it is impossible to predict
where “between” [5]. Once released from the sparger, the
bubbles are subjected to the dispersion and the coalescence
processes, what will influence their size. Therefore, studies
have shown that liquids differing from water on the sur-
face tension, density, viscosity and ionic strength affect gas
holdup and the overall mass transfer coefficient [1], being
its influence dependent on the reactor type.
The use of gas–liquid–solid three-phase reactors has been
widespread in chemical processing and those containing
low-density particles are finding applications in biotechnol-
ogy processes such as fermentation and aerobic wastewater
treatment [6]. The solids suspended in biological processes,
including microorganisms immobilized on solid-support
particles and aggregated in flocs and pellets, have, in gen-
eral, a density very close to that of the liquid medium, which
may, sometimes, change during the process. However, few
studies have addressed three-phase airlift reactors with low
density solids [6–8] and none known so far reported the
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Nomenclature
a gas–liquid interfacial area per unit
liquid volume (1/m)
Ad downcomer cross-sectional area (m2)
Ar riser cross-sectional area (m2)
CL instantaneous concentration of oxygen
in liquid (kg/m3)
CL0 initial concentration of oxygen in
the liquid (kg/m3)
C∗ saturation (or equilibrium) dissolved
oxygen concentration (kg/m3)
kL mass transfer coefficient (m/s)
t time (s)
tE electrode delay (s)
ugr riser superficial gas velocity (m/s)
Greek symbol
εs solids loading
influence of small increases on the solids density in the
mass transfer rate.
The objective of the present work was to examine the
way volumetric mass transfer coefficient in an internal-loop
airlift reactor with a degassing zone is influenced by chang-
ing system and operation variables: the liquid-phase, the
solids loading, the solids density and the airflow rate. These
were shown in previous works [9,10] to influence other hy-
drodynamic variables directly related with the mass transfer
as the liquid velocity, mixing and gas holdup.
2. Experimental
Experiments were performed in a 60 l internal-loop air-
lift reactor of the concentric tube type, with an enlarged
degassing zone, described by Freitas and Teixeira [9].
This reactor was constructed according to previous results
obtained by Vicente and Teixeira [11] in what concerns the
effect of design parameters on solid circulation. The air-
flow rate was varied in a way that the riser superficial gas
velocities studied were between 0.01 and 0.5 m/s.
Water and a 10 g/l aqueous solution of ethanol were used
as liquid-phase and Ca-alginate beads, with two different
densities, were used as solid-phase and prepared according
to the procedure described by Vicente and Teixeira [11]. The
mean diameter and density of the low density solids (LD)
were 2.131± 0.102 mm and 1023± 1 kg/m3, respectively,
and the values for the high density solids (HD) were 2.151±
0.125 mm and 1048 ± 1 kg/m3. For each type of solids,
solids loading applied was 0, 5, 10, 15, 20 and 30% (v/v).
The concentration of the dissolved oxygen in the liquid
was measured continuously by means of two polarographic
dissolved oxygen electrodes (Mettler Toledo T-type) con-
nected to dissolved oxygen meters (Mettler Toledo O2 4100)
and recorded using a PC based data acquisition system. The
volumetric mass transfer coefficient kLa was determined by
the dynamic method described by Chisti [1] and Benyhaia
et al. [3]. In this work, values of the volumetric mass transfer
coefficients (kLa) were obtained from the first order model
[1]:
C∗ − CL
C∗ − CL0 = 1− E =
(
e−tkLa
tE
− kLa e−(t/tE)
)
tE
1− tEkLa
(1)
where E is defined as
E = CL − CL0
C∗ − CL0 (2)
and tE is the electrode time delay. For t  tE, Eq. (1) reduces
to
1− E = e
−tkLa
1− tEkLa (3)
According to Van’t Riet [12], the electrode response time
would have to be much smaller than the mass transfer
response time of the system, 1/kLa, to be neglected. In
practice, this is seldom the case.
For each experimental condition, three replicates were
done and the volumetric mass transfer coefficient was the
medium value of the values obtained for the two electrodes
in the three replicates.
3. Results and discussion
In this work, the presence of the solid phase negatively
influences the mass transfer rate (Fig. 1a and b), as was
reported by other authors [6,13,14]. Independently of the
liquid-phase and the solids density, kLa diminishes with the
increase of solids loading, essentially for riser superficial
gas velocities higher than 0.075 m/s. The reduction on the
volumetric mass transfer coefficient is probably the result
of the coalescence process, increased by the increase of the
amount of solids as reported in Freitas and Teixeira [9],
what leads to a decrease on the interfacial area a. According
to Verlaan and Tramper [7], the effect on the mass transfer
coefficient kL will be of minor importance.
Up to 0.075 m/s, the effect of solids loading on kLa is
negligible, once the amount of gas in the reactor is so small
that the solids interference in the coalescence process is not
significant.
Comparing to the works of Siegel et al. [17] and
Komáromy and Sisak [14], where reductions of 25% were
obtained with solids loading of 20 and 30%, respectively,
the reductions of kLa in the present work are very high. Re-
ductions between 40 and 60% were obtained for the higher
solids loading.
From Fig. 1, it can be concluded about the effect of the
addition of a coalescence inhibitor on the volumetric mass
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Fig. 1. Volumetric mass transfer coefficient (kLa) vs. solids loading and
riser superficial gas velocity (ugr), for water () and the aqueous ethanol
solution (): (a) low density solids; (b) high density solids.
transfer coefficient. It is shown that by adding ethanol to
water the volumetric mass transfer coefficient is signifi-
cantly enhanced for riser superficial gas velocities higher
than 0.075 m/s. This increase on kLa must be due to an in-
crease in specific interfacial area, since with the addition of
alcohols the mass transfer coefficient kL decreases, by yield-
ing an additional resistance to the interfacial mass transfer
[17]. As alcohols are inhibitors of coalescence, bubble size
decreases and the specific interfacial area increases.
According to Onken and Weiland [18] and Weiland [20],
the addition of compounds that reduce bubble coalescence
increases the volumetric mass transfer coefficient by a factor
of about 2. In our case, the increase of kLa depends on the
amount and type of solids and on the airflow rate. For riser
superficial gas velocities up to 0.075 m/s, the increase is
very small, while for higher airflow rates, values of kLa for
aqueous ethanol solution are 1.5–2 times the values obtained
with water.
The effect of the airflow rate and solids density on the
volumetric mass transfer coefficient (kLa) can be seen in
Fig. 2, for water (a) and aqueous ethanol solution (b). The
kLa value increases with an increasing riser superficial gas
velocity (ugr), which is due to the higher gas holdup, as
was reported in Freitas and Teixeira [9,10]. As for the gas
holdup, the increase of kLa is more pronounced for values
Fig. 2. Volumetric mass transfer coefficient (kLa) vs. solids loading and
riser superficial gas velocity (ugr), for the two types of solids ((,) low
density; (, ) high density): (a) water; (b) aqueous ethanol solution.
of superficial gas velocity up to 0.167 m/s. In spite of the
higher amount of gas inside the reactor as the airflow rate
increases, coalescence occurs more easily for high airflow
rates, counterbalancing the increase on gas holdup.
Observing values of mass transfer coefficient for both
solids density, it can be seen that a small increase on solids
density leads to a significant reduction on kLa (Fig. 2), spe-
cially for high riser superficial gas velocities. An enhance-
ment of riser and downcomer solids holdup with increasing
solids density was observed in a previous work [9]. For that
reason, coalescence increases due to the diminishing of the
flux area for the gas and liquid-phases, which is reflected
in a smaller interfacial area a. If we compare the influence
of solids density on the volumetric mass transfer coefficient
for water (Fig. 2a) and aqueous ethanol solution (Fig. 2b), it
seems that the decrease of kLa with solids density is higher
for the aqueous ethanol solution. This is in agreement with
the results previously obtained by the authors [10], where
it was observed that the decrease of riser and downcomer
gas holdup with solids density is also more pronounced for
the ethanol solution, being this reflected in the results of
volumetric mass transfer coefficient.
The volumetric mass transfer coefficient was correlated
to the riser superficial gas velocity (ugr) and the solids load-
ing (εs). Four generalized equations were found including
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Fig. 3. Representation of the relation between the volumetric mass transfer coefficient (kLa) with the riser superficial gas velocity (ugr) and the solids
loading (() experimental data; surface representation — values calculated by the correlations): (a) water/low density solids; (b) water/high density
solids; (c) aqueous ethanol solution/low density solids; (d) aqueous ethanol solution/high density solids.
these two process variables, by fitting all of the data, for
each liquid-phase and type of solids. In literature [15–17,19]
relations of the type kLa = aubgr and of the type kLa =
aε2s + bεs + c, between the volumetric mass transfer coeffi-
cient and the riser superficial gas velocity and the solids load-
ing, respectively, are generally used. However, a quadratic
equation for both ugr and εs was found necessary to provide
an acceptable fit. The obtained correlations were:
Water/low density solids:
kLa = (−0.93u2gr + 1.33ugr − 0.012)
× (−0.0000016ε2s − 0.00099εs + 0.054) (4)
Water/high density solids:
kLa = (−0.33u2gr + 0.43ugr − 0.0064)
× (0.000080ε2s − 0.0056εs + 0.17) (5)
Ethanol/low density solids:
kLa = (−0.95u2gr + 1.34ugr − 0.021)
× (−0.000072ε2s + 0.00079εs + 0.075) (6)
Ethanol/high density solids:
kLa = (−0.78u2gr + 1.20ugr − 0.021)
× (−0.000074ε2s − 0.0035εs + 0.081) (7)
where
0 < ugr (m/s) < 0.5, 0 < εs (%, v/v) < 30
The points given by the correlations together with the
experimental values are represented in Fig. 3. As can be seen,
a good agreement (±10% for water and ±20% for aqueous
ethanol) is obtained between calculated and experimental
values. The low kLa values reported in this work compared
to those in the literature can be justified by the use of a
downcomer to riser cross-sectional area ratio (Ad/Ar) greater
than 1 [17].
4. Conclusions
The volumetric mass transfer coefficient was determined
for a three-phase internal-loop airlift reactor with an enlarged
degassing zone.
It was shown that the volumetric mass transfer coefficient
diminishes with the increase of solids loading, especially for
high airflow rates, due to an increase in bubble coalescence.
Reductions between 40 and 70% were obtained with the
introduction of 20 and 30% (v/v) of solids. Solids density
also affects kLa. A significant decrease on kLa resulting from
a small increase of solids density (from 1023 to 1048 kg/m3)
was observed, as a consequence of the effect of solids density
on solids distribution in the reactor. A progressive increase
on the concentration of solids in the lower sections of the
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reactor, as riser and downcomer, with the increase of solids
density is responsible for the enhancement of coalescence
and the consequent decrease on the specific interfacial area.
Airflow rate and the presence of ethanol were shown to
enhance the volumetric mass transfer coefficient — airflow
rate by primarily increasing gas holdup and ethanol by in-
hibiting coalescence. The increase on kLa by the presence
of ethanol depends on the amount and type of solids and on
the airflow rate.
The volumetric mass transfer coefficient was correlated to
the riser superficial gas velocity (ugr) and the solids loading
(εs), for the two types of solids and for the two liquids, water
and ethanol solution. Agreements between the calculated
values and the experimental data of ±10%, for water, and
of ±20%, for aqueous ethanol solution, were obtained.
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